[1] Sensitive High Resolution Ion MicroProbe (SHRIMP) U-Pb dating of zircon from basement granite gneisses and nepheline syenites of the Sinapalli Nappe, occurring along the northwestern margin of the Eastern Ghats Mobile Belt, indicate high grade regional metamorphism and associated folding accompanying juxtaposition of the nappe with the Bhandara Craton, to have taken place between 617 ± 85 Ma (lower intercept age of a reworked basement unit) and 517 Ma (age of the youngest syenite). This shows, for the first time, that the final juxtaposition of the northwestern parts of the Eastern Ghats Mobile Belt against the Bhandara Craton came about in the late Neoproterozoic and not, as previously thought, during the Mesoproterozoic. The northwestern part of the Eastern Ghats Mobile Belt comprises a fold-thrust belt consisting of a stack of northwesterly verging nappes that have been thrust over the Bhandara Craton. The Sinapalli Nappe is the lowermost nappe and rests over a tectonic contact on the Archean granites and gneisses of the craton. The basal décollement is exposed as a two-km-wide ductile-brittle thrust, hosting nepheline syenite plutons that show fabrics consistent with a synkinematic emplacement during thrusting. The Sinapalli Nappe is comprised of a sequence of alternating mafic granulites and quartzofeldspathic gneisses with slivers of basement granites, which are folded in three phases of folding (F 1, F 2 and F 3 ) and were subjected to granulite facies metamorphism during F 1 folding. Thrusting is synkinematic to F 2 folding and is responsible for the juxtaposition of the northwestern part of the Eastern Ghats Terrane over the Bhandara Craton during the assembly of parts of eastern Gondwana. Citation: Biswal, T. K., B. De Waele, and
Introduction
[2] It has long been thought that India and Antarctica were juxtaposed during the Mesoproterozoic, possibly forming part of the Rodinia Supercontinent ($1.0 Ga, Figure 1a ) [Du Toit, 1937; Grew and Manton, 1986; Powell et al., 1988; Yoshida et al., 1996] . This assumption has been based on a geometric fit of the continental margin and Indian Ocean sea floor magnetic anomalies. Occurrence of similar Ultra High Temperature (UHT) granulite sapphirine-spinel-assemblages, a similar anticlockwise P-T path with isobaric cooling, and isotopic data indicating a matching Meso-Neoproterozoic tectonothermal history between the Eastern Ghats Mobile Belt (EGMB) and Rayner-Napier Complex corroborate to this assumption. However, with advancements in geochronological methods, these previous correlations, especially the exact fits between the various blocks, have been the focus of considerable debate. While Chetty [1995] inferred that the Rayner-Napier boundary joins up with the NagavalliVamshadhara Shear Zone, Yoshida [1995] and Dasgupta and Sengupta [2003] proposed that the above boundary meets the Godavari rift. Biswal et al. [2002] and Biswal and Sinha [2003] interpreted that the Rayner-Napier boundary joins up with Terrane margin of the EGMB. Further, Rickers et al. [2001] suggested that the Archean Napier Complex is an exotic terrane to both Antarctica and the EGMB or Indian margin. However, in all these studies it has been assumed that the EGMB was an integral part of India since the Mesoproterozoic. In the present paper we contribute new data suggesting that at least part of the EGMB was only emplaced in the late NeoproterozoicCambrian during the amalgamation of Gondwana. We present new zircon U-Pb SHRIMP data on basement granite gneisses and nepheline syenites from the northwestern margin of the EGMB, which contradict previous ages on the plutons [Aftalion et al., 2000; Upadhyay et al., 2006a] as well as existing models of the tectonic Figure 1 . (a) Ages for different blocks (''c'' stands for circa) in India-Sri Lanka -Antarctica assembly of east Gondwana in Rodinia Supercontinent and P-T path of metamorphism for Rayner Complex. Proposed piercing points between the continents are connected by dashed line; (b) Location of EGMB along the east coast of the Indian peninsula; (c) Geological map of the EGMB [modified after Ramakrishnan et al., 1998] , showing lithotectonic zones, nepheline syenite occurrences, Purana basins, shear zones and rift valleys, the symbols used for WKZ and CMZ more or less follow the structural trend of the lithounits at that spot; (d) Enlarged map of the fold-thrust belt around Khariar, showing various nappes. BC, Bhandara Craton; CD, Cuddapah; CH, Chhattisgarh; DC, Dharwar Craton; EGMB, Eastern Ghats Mobile Belt; HS, Highland System; MSZ, Mahanadi Shear Zone; NC, Napier Complex; NMGB, Nilgir-Madras granulite belt; NVSZ, Nagavalli-Vamshadhara Shear Zone; OG, Oygarden Group; PMB, Pandyan Mobile Belt; RC, Rayner Complex; SC, Singhbhum Craton, SSZ, Sileru Shear Zone; TBSZ,Terrane Boundary Shear Zone; VC, Vijayan Complex; WC, Wanni Complex. evolution of the area in particular and eastern Gondwana in general.
Regional Geology of the EGMB

Lithology
[3] The EGMB is a Proterozoic regional granulite belt, extending in an arcuate pattern over 1000 km from the Brahmani River in the north to Ongole in the south along the east coast India (Figures 1b, c) . It is breached by two cross-cutting Phanerozoic rift valleys, the Mahanadi rift in the north and Godavari rift in the south, hosting Gondwana sedimentary sequences. The EGMB is juxtaposed against the Archean cratons, namely the Dharwar, Bhandara-Bastar and Singhbhum Cratons (Figure 1b) , which are dominantly comprised of tonalite-trondhjemite gneisses (circa 3.5 Ga) and greenstone belts. Several K-rich granite plutons [circa 2.5 Ga, Sarkar et al., 1993] , and dolerite, rhyolite and trachyte dykes [circa 1.4 Ga, Mallikarjuna Rao et al., 1995; Nanda et al., 1998 ] have intruded the cratons during different geological periods. The cratons are unconformably overlain by the platform sequences of rocks known as the Purana Group [> circa 1.1 Ga; Chatterjee et al., 1995] , in several sedimentary basins (Chhatishgarh, Khariar and Cuddapah) surrounding the EGMB front (Figure 1c ). The cratons display low gravity compared to the EGMB indicating denser rocks underlying the latter [Subramanyam and Verma, 1986; Nayak et al., 1998 ]. The EGMB contains several granulite facies rocks that have been mapped into five litho-tectonic zones as shown in Figure 1c [Ramakrishnan et al., 1998 ]: the Transition Zone (TZ), the Western Charnockite Zone (WCZ), the Western and Eastern Khondalite Zones (WKZ and EKZ) and the Central Migmatite Zone (CMZ). The TZ represents a mixture of lithounits belonging to both the craton and the EGMB. The WCZ consists of charnockites (quartz-feldspar-orthopyroxene), enderbites (quartz-plagioclase-orthopyroxene), mafic granulites (plagioclase -clinopyroxene-orthopyroxene-garnet) and Banded Iron Formations. The WCZ and EKZ are made up of khondalites (garnet-sillimanite-graphite gneisses) with intercalations of quartzites, calc granulites (diopsidegarnet-plagioclase) and high Mg-Al granulites (sapphirinecordierite-spinel-orthopyroxene). The CMZ is composed of migmatitic gneisses with intrusions of charnockite-enderbite, granite and anorthosite [Nanda and Pati, 1989] . Alkaline plutons are emplaced close to the terrane margin, namely at Rairakhol, Khariar, Koraput, Kunavaram and Elchuru [Madhavan and Khurram Mohammed, 1989; Leelanandam, 1993; Biswal et al., 2004] .
Structure
[4] The EGMB shows a northeasterly trend, attributed to early coaxial folding along NE-SW axis [Murthy et al., 1971; Narayanaswami, 1975; Sriramadas and Murthy, 1975; Halden et al., 1982; Aftalion et al., 1988; Paul et al., 1990; Bhattacharya et al., 1994; ]. Late stage folding along NW -SE axis and shearing along the contacts with the cratons have given rise to a prominent syntaxial bend around Balangir ( Figure 1c) ; this has resulted in an easterly trend of the lithounits at the northern margin [Narayanaswami, 1975; Bhattacharya, 2002; Biswal and Sinha, 2003] . Dome-and-basin structures and sheath folds of varying dimensions are quite common in the EGMB [Natarajan and Nanda, 1981; Moitra, 1996; Takamura et al., 1998 ]. Metamorphic differentiation and partial melting during early phases of folding and granulite facies metamorphism have produced a pervasive gneissic fabric in the rocks. Several ductile and brittle-ductile shear zones dissect the mobile belt in diverse orientations [Chetty and Murthy, 1994; Mahalik, 1994; Nash et al., 1996] . The most significant amongst them is the Terrane Boundary Shear Zone (TBSZ) that defines the tectonic margin of the EGMB with the surrounding cratons . The TBSZ shows a curvilinear geometry with a WNW -ESE strike and strike-slip character in the north and NNE -SSW strike with a thrust character in the west. It assumes a listric geometry at depth, forming décollement for the fold-thrust belt (Figure 1d ), developed on the northwestern front of the EGMB around Khariar [Biswal and Sinha, 2003 ].
Metamorphism
[5] The EGMB exhibits an early phase of UHT granulite facies metamorphism, M 1, represented by a sapphirinespinel -orthopyroxene -garnet -quartz assemblage in Mg-Al rich enclaves within khondalites. P-T conditions of 8 -12 kbar and 1000 -1100°C have been calculated for these assemblages [Lal et al., 1987; Kamineni and Rao, 1988; Sengupta et al., 1990; Bhowmik et al., 1995; Sen et al., 1995; Shaw and Arima, 1996; Mohan et al., 1997; Rickers et al., 2001] . The P-T -path follows an anticlockwise trajectory with a high initial dT/dP slope as depicted in Figure 2 [Kondapalli and Anantgiri area, Sengupta et al., 1990; Dasgupta, 1995; Mukhopadhyay and Bhattacharya, 1997] . The retrograde path following M 1 peak metamorphism is one of near-isobaric cooling down to 750-800°C. The UHT metamorphism is followed by M 2 granulite facies metamorphism that took place at 8.0-8.5 kbar and 850°C [Dasgupta et al., 1992] and the retrograde path of M 2 is characterized by near-isothermal decompression to 5 kbar [Dasgupta and Sengupta, 2003] . A weak amphibolite facies overprint characterizes the M 3 metamorphism that has retrogressed the granulites into the amphibolite facies. The P-T conditions for M 3 are estimated to be 5 kbar and 600°C. The anticlockwise P-T-t trajectory is attributed to magmatic underplating. In contrast, a clockwise path with decompression followed by isobaric cooling has also been reported from Deobhog and Anakapalle areas [Dasgupta et al., 1994; Mohan et al., 1997; Patel et al., 2001] , suggesting thrust tectonics associated with the granulite facies metamorphism.
Geochronology
[6] Sm-Nd, Rb-Sr and Pb-Pb isotopic investigations on the rocks of the EGMB show Neoarchean to Paleoproterozoic crustal residence ages (2.5 -3.9 Ga) which are interpreted to reflect variable mixing of Archean and Proterozoic materials, consistent with an active continental margin setting [Paul et al., 1990; Rickers et al., 2001; Dobmeier et al., 2006] . Four isotopic domains have been identified in the belt (Figure 2 ) cutting across the lithotectonic zones with the exception of the Domain 1 which parallels the WCZ [Rickers et al., 2001] .
[7] A predominant Grenvillian-age granulite facies metamorphism and charnockite emplacement characterize the EGMB ( Figure 2) ; that forms the basis for correlation with the Rayner Complex of Antarctica [Vishakhapatnam and Angul area, circa 1.0 Ga, Grew and Manton, 1986; Aftalion et al., 1988; Paul et al., 1990; Shaw et al., 1997; Mezger and Cosca, 1999] . However, imprints of late Archean and Mesoproterozoic events have been documented from Puri and WCZ from south of Godavari rift respectively, suggesting temporal and spatial variation of such events in the belt [circa 2.6 Ga, Vinogradov et al., 1964 ; circa 1.6 Ga, Mezger and Cosca, 1999; Mahanadi rift, Lisker and Fachmann, 2001; Vinukonda area, Dobmeier et al., 2006] . As a matter of fact, the Pan-African metamorphism is not reported from the part of the Rayner Complex facing India [Kelly et al., 2002] , although it is present on the opposite side [Prydz Belt or Prydz-Denman-Darling Belt, Fitzsimons, 2000a Fitzsimons, , 2000b . This raises a question about the location of exact piercing points between India and Antarctica.
[8] Granites in the northern part of the EGMB exhibit late emplacement [circa 0.96 Ga Angul and Phulbani area, Halden et al., 1982; Aftalion et al., 1988; Paul et al., 1990] in comparison to those in the south [circa 1.5 Ga, Dobmeier et al., 2006] . Similar variation is observed in the age of emplacement for the anorthosites as well as alkaline plutons, compiled in Figure 2 [anorthosites of Balangir and Chilka lake area, circa 1.4 Ga, Rb-Sr data, Sarkar et al., 1981; 0.93 -0.79 Ga, zircon ages, Krause et al., 2001; Dobmeier and Simmat, 2002 , and alkaline rocks 856 Ma -1.5 Ga; Clark and Subbarao, 1971; Subbarao et al., 1989; Sarkar and Paul, 1998; Aftalion et al., 2000; Upadhyay et al., 2006a Upadhyay et al., , 2006b ]. However, all these studies are based on limited sample sets from these plutons.
Methodologies
Electron Microprobe Analysis
[9] Electron Microprobe Analyses (EPMA) of coexisting mineral phases of mafic granulites were done at IIT Roorkee, India using the JEOL-JXA-8600M Superprobe with an accelerating voltage of 15 keV, a beam current of 20 nA and beam diameter of 3 mm. Both natural minerals and synthetic compounds were used as standards. Analyses of the minerals are given in Table 1 . The data were processed in the TWQ (version 2.02) program [Berman, 1991] to estimate the pressure-temperature range.
U-Pb SHRIMP Methodology
[10] Zircon was extracted from fresh rock sample following standard mineral separation techniques involving rock preparation (washing, crushing, pulverising and sieving), heavy liquid separation using Bromoform, and magnetic separation using a hand magnet and a Frantz isodynamic separator. Zircon of all shapes and sizes were hand picked and mounted in epoxy resin together with zircon standard BR266 [Stern, 2001] , TEMORA-2 [Black et al., 2003 [Black et al., , 2004 and CZ3 [Pidgeon et al., 1994] . The mount was polished to expose the zircons mid-section, and coated with carbon in preparation to imaging on a JEOL-6400 scanning electron microscope (SEM) fitted with a cathodoluminescence (CL) detector. Imaging was conducted at a working distance of 39mm and using an accelerating voltage of 15 keV and beam current of $5nA. Back-scatter electron imaging was used to confirm that the mounted grains were zircon, and for suspect grains, energy dispersive spectrometry was used to identify the mineral. CL imaging was done on all zircon to reveal internal structure and growth patterns [Corfu et al., 2003] .
[11] After SEM imaging, the mount was repolished slightly, to remove the carbon coating, thoroughly cleaned using organic and inorganic spirits (propan-2-ol and ethanol), soap solution and deionized water to minimise surface contamination (especially Pb) and coated with a thin layer of ultra-pure gold to provide surface conductivity. The mount was loaded in the SHRIMP sample lock for 24 hours prior to analysis, and pumped to $5 X 10 À7 Torr to allow degassing. Analysis procedure of the SHRIMP follows methods similar to those described in detail by Claoué-Long [1994] [Stern, 2001] . TEMORA-2 and CZ3 were used as control standards and yielded 206 Pb/ 238 U ages within error of those reported for them [Pidgeon et al., 1994; Black et al., 2003 Black et al., , 2004 . Common Pb correction is based on measured non-radiogenic 204 Pb isotope, and a common Pb composition applied following the Pb-evolution model of Stacey and Kramers [1975] . Because analyses that recorded high counts on 204 Pb during the first scan were aborted, corrections are small and insensitive to the choice of common Pb composition. Nevertheless, some analyses were characterized by very low contents of U, which combined with the relatively young age, lead to low amounts of radiogenic Pb. In these cases, proportions of common Pb can become relatively high, even though counts on 204 Pb were barely above background. Because of the low signal to noise ratio of the 204 Pb signal, 204-correction suffers from imprecision particularly in these cases, and we therefore report uncorrected ratios in the table (Table 2) , and in some cases used these uncorrected values to regress the data to common Pb and constrain an intercept age. The samples were analysed 
Study area
[12] The study area constitutes a part of the fold-thrust belt at the northwestern margin of the EGMB (Figures 1d) , consisting of west-verging imbricate nappes, namely, the Sinapalli, Lathore and Turekela Nappes. The thrust belt is marked by northerly inclined lateral ramp (Khariar Lateral Ramp); to the south of this the Turekela and Lathore Nappes are terminated due to erosion and the Sinapalli Nappe is exposed with a tectonic sliver of basement gneiss in Dharamgarh window [Biswal and Sahoo, 1998; Biswal and Jena, 1999; Biswal, 2000; Biswal and Sinha, 2003 ]. The present contribution focuses on the Sinapalli Nappe, as it directly rests over the Bhandara Craton and its study would help in understanding the accretion of terranes in the EGMB. In reference to the map (Figure 1c) by Ramakrishnan et al. [1998] the Sinapalli Nappe comprises the linear projection of the WKZ, the northern tip of the TZ and a part of the WCZ.
Lithology, Structure and Metamorphism
[13] Detailed mapping of the lithounits (Figure 3a) followed by petrographic study reveals the cratonic foreland to comprise coarse-grained K-granites that consist of microcline and orthoclase phenocrysts set in a quartz -hornblende -biotite matrix. The rocks are largely devoid of deformational fabric, suggesting late-tectonic emplacement into the craton. The effect of deformation gradually increases in intensity to the east and the granites turn into mylonite within the TBSZ, characterized by a fine to medium grained, well foliated rock with thick feldspathic bands alternating with thin quartz and biotite rich bands. The mylonitic foliations dip moderately to southeast and are marked by down dip stretching lineation (Figures 3b and  3c ). Various kinematic features in the mylonites including S-C fabric and mantled porphyroclasts (Figures 4a and 4b) , record top-to-the-west sense of thrusting along the TBSZ . The deformation in the mylonites was accomplished through crystal plastic deformation of quartz only, and not the feldspar, suggesting low temperature of deformation during thrusting. The mylonite zone is tectonically overlain by an alternating sequence of amphibolites, charnockites and quartzo-feldspathic rocks derived from the retrogression of granulites of the EGMB. The lithounits are extremely linear along NE -SW direction and show modification of earlier fabrics by shearing. Low strain zones marked by subhorizontal to gentle dipping charnockite outcrops are present, bounded by thrust planes.
[14] To the east of the TBSZ, the Sinapalli Nappe comprises mafic granulites, khondalites and quartzofeldspathic gneisses that record multiple phases of folding and metamorphism. These rocks are marked by a pervasive gneissic fabric S 1 , developed during F 1 folding and synkinematic granulite metamorphism. The F 1 folds occur as small scale, recumbent to reclined isoclinal folds with the S 1 fabric cutting across the bedding planes at the hinge zones (Figure 4c ). The S 1 fabric is marked by alternate mafic and felsic layers in the mafic granulites, made up of equant grains of orthopyroxene, clinopyroxene, garnet, hornblende, plagioclase and quartz (Figure 4d) . Instances of garnet forming rims around pyroxene as well as symplectitic intergrowth with clinopyroxene exist in the rock. Further, gneissosity in the khondalites is marked by garnet -sillimanite -graphite rich layers alternating with quartzofeldspathic layers. The quartzofeldspathic gneisses are poor in graphite and sillimanite compared to khondalites. The basement granite gneisses in the Dharamgarh window include sporadic intercalations of mafic granulites and quartzofeldspathic gneisses which are synkinematically folded and metamorphosed. The granite gneisses show predominantly granoblastic texture with equigranular mosaic of quartz, K-feldspar and plagioclase; biotite, hornblende, sphene and zircon are accessories.
[15] Preliminary metamorphic study of mineral assemblages constituting the S 1 gneissosity in the mafic granulites suggests the following reaction during F 1 folding:
This reaction has a steep negative dP/dT slope, and is prograde in nature [Pattison, 2003] . Further, the symplectitic intergrowth of orthopyroxene and plagioclase around garnet (hub and spoke texture) suggests the following reaction [Perkins and Newton, 1981] .
This has a shallow dP/dT slope, and indicates decompression [Harley, 2003] following F 1 folding. Geothermobarometry using the TWQ computer program [Berman, 1991] with updated thermodynamic database, gives P-T conditions of 10 kbar and 800-850°C of coexisting orthopyroxenegarnet -plagioclase (Table 1) . Thus the peak P-T conditions of granulite metamorphism were >10 kbar and 800-850°C, and the observed decompression is part of a clockwise P-T trajectory. This is consistent with earlier studies of granulite metamorphism in the area [Neogi and Das, 1998; Gupta et al., 2000; Patel et al., 2001; Bhadra et al., 2004] .
[16] The F 1 folds and S 1 fabric are overprinted by open and upright F 2 folds along NNE -SSW axial plane. Close to the TBSZ, the F 2 folds have acquired tight to isoclinal geometry with westerly vergence, and in many instances have been converted into sheaths. Crenulation cleavage, west verging shear bands, S 2 ( Figure 4e ) and axial planar injection of syenite veins associate with the mesoscopic F 2 folds. Variation in the strike of the lithounits is observed as the result of F 2 folding; reflected in the multiple girdle distribution of S 1 poles in Figure 3d ( Figure 3a) , producing morphological steps on the mafic granulite hills possibly reflecting differential weathering of intact and faulted rocks. Thus it is inferred that the F 2 folding is synkinematic with thrusting. Further, an amphibolite facies metamorphism accompanies the F 2 folding event, marked by the retrogression of orthopyroxene to biotite and hornblende along S 2 fabric (Figure 4f ). The last stage folding represented by F 3 folds are developed along NW -SE to E-W striking axial plane; these have modified the axial orientation of early folds as indicated by the spread of contours in Figure 3e , as well as curved the shear zones.
[17] Based on lithological mapping and structural data, a cross section has been constructed, which reveals a leading imbricate structure for the Sinapalli Nappe (Figure 3f ). The basal décollement constitutes the leading thrust to a series of splay thrusts which are interpreted to have branched out from the décollement at depth. The splays are axial planar to the large scale F 2 folds in the cover rocks and appear as large-scale shears fractures on the map. The basement granites and gneisses of the Dharamgarh window and the foreland are synkinematically involved in folding and thrusting along with the supracrustals suggesting a thick skinned tectonic model for the nappe. The localization of various thrusts might have been controlled by pre-existing fault structures of the basement. 
Nepheline Syenite Plutons
[18] The nepheline syenite plutons, known collectively as the Khariar syenites (after the locality Khariar, Figure 3a) , occur as highly elongated concordant bodies within the TBSZ. Of the three bodies identified in the area, the northern body (south of Kalimati) is emplaced within granite mylonites, the central body (east of Sagimura) occurs within amphibolites and the southern and largest body (Durkamura -Babebir) is flanked by granites to the west and amphibolites in the east (Figure 3a) . The plutons consist of well-foliated leucocratic rocks with alkali feldspars (microcline -orthoclase), nepheline, plagioclase, hornblende, clinopyroxene, garnet, biotite, sphene, zircon and ilmenite. At a few localities the plutons contain numerous xenocrysts of garnet and hornblende and xenoliths of amphibolite and quartzofeldspathic rocks. Schlieren structures of xenolithic as well as magmatic origin occur parallel to the foliation (Figure 5a) .
[19] The plutons are classified into three petrotectonic varieties, namely magmatic, transitional and mylonitic based on the nature of foliation. The transitional variety is the most common and the magmatic and mylonitic varieties occur sporadically with outcrop width ranging from a few meters to hundreds of meters. The most spectacular outcrop, where all three varieties occur together with gradational contacts, is at Babebir (Figure 3g ). All the varieties show features supporting synkinematic emplacement of the plutons during thrusting. The magmatic variety is distinct with euhedral grains of alkali feldspar, hornblende and biotite, that show preferred alignment and define the magmatic foliation (magmatic C-fabric) and mineral lineation in the rock (Figures 5b, 5c ). Magmatic S-C fabric is developed due to oblique orientation of some of the feldspar grains to magmatic foliation (Figure 5b ), similar to that of Mount Stuart Batholith [Miller and Paterson, 1994] . This suggests emplacement of melt in a non-coaxial strain regime. Alkali feldspar laths show twinning parallel to foliation (Figure 5c ). Magmatic corona structures consisting of sphene-and hornblende-rims around ilmenite and clinopyroxene respectively are developed in this variety.
[20] The transitional variety consists of subhedral to anhedral minerals defining the magmatic foliation. A mylonitic fabric has been superimposed over, and is parallel with the magmatic fabric (Figure 5d ). The mylonitic fabric predominates at the periphery of the pluton and becomes less prominent towards the core indicating a transitional nature of the fabric that supports synkinematic emplacement. The noncoaxial strain has given rise to a tiled arrangement of the feldspar and hornblende grains (Figure 5e ). Melt-assisted brittle fracturing and grain boundary migration have produced zig-zag and arcuate margins in minerals shown in Figure 5f [Paterson et al., 1998 ]. Further, the magmatic schlieren structures, marked by segregation of ferromagnesian minerals, are folded into isoclinal to open folds characterized by axial planar arrangement of minerals (Figure 6a ). These folds are considered to be magmatic folds developed due to inhomogeneous flow of the melt during emplacement. The folds are congruent to the F 2 folds in the host rock as suggested by the parallelism between their axial planes and the axes (Figure 3h) .
[21] The mylonitic variety is marked by a mylonitic foliation (C-fabric) and stretching lineation (Figure 6b ), produced by solid state deformation of the rock under non-coaxial strain. The mylonitic foliation is defined by alternate feldspar-and mica-rich layers ( Figure 6c) ; the feldspars are dynamically recrystallized by grain boundary migration and subgrain rotation (Figure 6d ) suggesting deformation at higher temperature (>600°C). Further, strain-induced myrmekite structure is developed around corroded K-feldspars (Figure 6d ) attesting to near-solidus deformation [Hibbard, 1987; Simpson and Wintsch, 1989] . This is in contrast to low-temperature deformation of the host granite mylonite where the quartz has undergone dynamic recrystallization but not the feldspar (Figure 4a) . Hence, at the same crustal level, the high-temperature solid state deformation of the pluton compared to the host rock is an indication of synkinematic emplacement.
[22] Due to parallel nature, the mylonitic and magmatic foliations of all the varieties are plotted together in Figure 3i , and the mineral and stretching lineations are plotted in Figure 3j . The foliations show southeasterly dip and the lineations show down-dip plunge, matching well with the attitudes of mylonitic foliation and stretching lineation in the host rock (Figures 3b and 3c) . Further, the plutonic fabric shows complete gradation into the host rock fabric at the tip of the plutons suggesting a coupling between them. All these lines of evidence suggest synkinematic emplace- BISWAL ET AL.: EASTERN GHATS MOBILE BELT, INDIA ment of the nepheline syenite plutons during thrusting [Vernon et al., 1989; Bouchez et al., 1990; Miller and Paterson, 1994; Paterson et al., 1998 ].
5. Zircon U-Pb SHRIMP Data 5.1. Sample H2
[23] This sample was collected from basement granite gneiss, south of Golamunda from the Dharamgarh window. Zircons from sample H2 range in size from 50 to 200mm and are pale yellow to dark yellow in colour. Their length to width ratios vary from 2:1 to 3:1 and the crystals are sub-to euhedral in shape. The zircons have very low response in CL imaging, and appear dark, with faint sector and broad concentric zone patterns, suggesting high U content and a magmatic origin (Figure 7) . Few zircons appear to be complex, with a very small high-luminescent core, overgrown by the large dark-CL magmatic overgrowth. Ten analyses were conducted on the dominant dark-CL zircon, and confirmed the high U content, which ranges between 995 and 2480 ppm (Table 2) . Th content ranges from 92 to 340 ppm, and the analyses display low proportions of common 206 Pb in total 206 Pb (hereafter f206) of up to 0.139%. The data are all discordant and define a broad trend through which a line can be regressed with upper intercept 2467 ± 75 Ma and lower intercept 617 ± 85 Ma (Figure 8 ; MSWD = 42). The high Mean Square weighted deviate (MSWD) value for this regression indicates that the zircons have undergone complex Pb-loss, and the upper and lower intercept ages can only be taken as broad estimates of the age of magmatic crystallization of zircon in sample H2, and approximate age of metamorphism that affected the granite and led to Pb-loss respectively.
Sample E2
[24] This sample was collected from a well banded transitional variety of the Khariar syenite near Babebir. Zircons from sample E2 are clear and colourless to pale Figure 8 . Zircon U-Pb data for samples of the Dharamgarh window (H2) and the Khariar nepheline syenite (samples E2 and E3). Error crosses are at 1s confidence level.
yellow, and have semi-rounded to euhedral equant shapes with length to width ratios ranging from 2:1 to 1:1. The crystals range in size from 150 to 250 mm. CL imaging brings out broad zoning patterns and homogenized subsolidus recrystallization patterns. All zircons show medium luminescence, but some smaller zircon displays complex sector zoning patterns, with low-response zones in the centre (analyses 7 and 8 on Figure 7 ). Nine zircons were analysed and yielded low U and Th contents ranging from 10 to 116 ppm and 4 to 92 ppm respectively (Table 2) . Because of the relatively low U content, f 206 values are fairly high, ranging from 0.297 to 5.002%. The data plot in two different clusters on a concordia diagram (Figure 8 ), corresponding to an older and a younger age group. A concordia age can be calculated from four of the five older zircons [the lowest U analysis (3) plots away from the concordant cluster] and yields an age of 1465 ± 13 Ma (MSWD = 0.90). The uncorrected ratios of the four remaining younger zircons define a regression towards ( 207 Pb/ 206 Pb) common = 0.873 ± 0.015 [calculated common Pb composition for an age of 510 Ma after Stacey and Kramers, 1975] , with a concordia intercept at 511 ± 10 Ma (MSWD = 0.68). We interpret these ages to indicate a significant uniform xenocrystic component in the sample at 1465 ± 13 Ma, and a magmatic crystallization age of 511 ± 10 Ma.
Sample E3
[25] This sample was collected 4 km north of Babebir from a fine grained dark coloured magmatic variety of the syenite, showing laths of feldspar. Zircons from sample E3 range in size from 100 to 300 mm, and are clear to light yellow in colour. The zircons have length to width ratios between 2:1 and 1:1 and are generally euhedral in shape. CL imaging indicates that the majority of zircon is complex in nature, comprising oscillatory zoned domains and homogenized sectors. CL response ranges from very high to very low (Figure 7) , indicating a strong variation in U content. Many complexly zoned zircons show patterns similar to those recorded for magmatic zircon that underwent varying subsolidus recrystallization or late-stage crystallization from homogenous magmatic fluids [Corfu et al., 2003 ], but a small number of zircons contain irregular cores consistent with xenocrystic inheritance (i.e. analyses 3c and 3r, see Figure 7 ). 20 analyses were conducted on 18 zircons, including two core-rim pairs (3c-3r and 11c-11r) and two rims (9r and 15r). U and Th range from 37 to 1682 ppm and 43 to 340 ppm respectively (Table 2) , leading to Th/U ratios between 0.05 and 2.35 and f 206 values range from 0.027 to 2.698%. The majority of data plot close to concordia, with the exception of analyses 3c, 5 and 17 (Figure 8 ). Of those, analysis 17 records the highest common Pb (f206 = 2.698%) and is therefore not further discussed. Analysis 3c defines a 207 Pb/ 206 Pb age of 2291 ± 14 Ma, which can be taken as its minimum age estimate. This core is therefore interpreted to represent a Paleoproterozoic basement component incorporated in the syenite. U ratios define a concordant age of 576 ± 10 Ma (MSWD = 0.36). Zircons that form part of the older cluster comprise a dark-CL, high U, prismatic zircon (2, Figure 7) , a dark CL, homogenous inner rim overgrown by a medium CL rim (3r, Figure 7 ), a white core (11c, Figure 7) , and a prismatic, concentrically zoned magmatic zircon, and are best interpreted as xenocrystic components. The zircons from the younger cluster comprise oscillatory zoned single sector zircons (e.g. 6, Figure 7 ) or zoned (magmatic) rim overgrowths (e.g. 11r, Figure 7 ), and are best interpreted to date the time of formation of the syenite in sample E3.
Sample E3P
[26] This sample was collected from a pegmatoidal magmatic variety of the nepheline syenite north of Babebir. Zircons from sample E3P range in size from 100 to 250 mm and are rounded to subrounded. They range in colour from colourless to pale yellow, and have length to width ratios from 3:1 to 1:1. CL imaging reveals the majority of zircons to be simple in nature, with broad remnant oscillatory growth patterns and homogenized zones consistent with subsolidus recrystallization (Figure 7 ). Some zircons however are revealed to be complex, consisting of a zoned core, surrounded by a large concentrically zoned (magmatic) rim. CL response ranges from medium to low, indicating a large variation in U content. 11 analyses were conducted on 10 zircons, including one core-rim pair (8c, 8r), and one rim analysis (6r). U content, as expected from the various CL responses, is widely variable, ranging from 15 to 1592 ppm. f206 values are generally low, but are relatively high for the low U analyses. Excluding all analyses with < 50 ppm U, the f206 values range from 0.065 to 1.030%. Th content ranges from 16 to 206 ppm, and Th/U ratios vary between 0.04 and 4.00. Analysis 3 records the highest 207 Pb/ 206 Pb value and plots on concordia, corresponding to a 207 Pb/ 206 Pb age of 3174 ± 7 Ma. This zircon is subrounded and shows remnant magmatic zoning patterns, and is interpreted to represent a Neoarchean magmatic xenocryst in sample E3P. Analysis 2, which records the lowest U content ( U ratios, while low U analyses 1, 4 and 5 plot variably away from the concordia curve (Figure 9 ). Taking analyses 1, 4, 5, 6r, 7 and 9, a concordia age of 513 ± 18 Ma can be calculated (MSWD = 0.42), which is the best age estimate of crystallization of zircon in sample E3P. Analyses 8r and 10, which plot at concordia, correspond to a concordia age of 559 ± 26 Ma (MSWD = 1.7), and may represent a slightly older age component in the sample similar to that recognized in sample E3.
Sample 4
[27] This sample was collected north of Babebir from a leucocratic magmatic variety, showing large feldspar laths.
Only few zircons were recovered from sample 4, and they are pale yellow in colour. The zircons range in shape from rounded to subrounded and have length to width ratios no greater than 2:1. CL imagery indicates a great variety in CL response and internal fabric, with a sub population of round zircons with dark CL response, a population of subrounded grains of medium luminescence that show concentric zoning patterns consistent with magmatic growth, and a small population of complex, variably zoned crystals with magmatic core and rim (Figure 7) . 13 analyses were conducted on 13 zircons, including one analysis on a core (3c). U and Th content are variable and range from 21 to 1141 ppm and 16 to 699 ppm respectively, leading to Th/U ratios between 0.16 and 2.56 (Table 2) . f 206 values are relatively low, between none and 1.423%. Many of the data points plot well away from the concordia curve and do not yield themselves to interpretation (1, 2, 3c, 8, 9 and 10, see Figure 9 ). Analysis 12 plots slightly off concordia, and defines a 207 Pb/ 206 Pb age of 1076 ± 65 Ma, which can be taken as a minimum estimate Figure 9 . Zircon U-Pb data for samples of the Khariar nepheline syenite (samples E3P, 4 and 6). Error crosses are at 1s confidence level. The lower right diagram is a combined probability density/histogram (bin size 20 Ma) showing the combined xenocrystic zircon populations recognized in the samples. of its crystallization. Analysis 13 defines a concordant 206 Pb/ 238 U age of 619 ± 14 Ma and may reflect an inherited component of that age. A concordant cluster, including analyses 4, 5, 6 and 11, define a concordia age of 552 ± 10 Ma (Figure 9 ; MSWD = 6.10) which can be taken the best estimate of the crystallization age of magmatic zircon in sample 4.
Sample 6
[28] This sample was collected from a mylonitic variety occurring north of Babebir. Zircons from sample 6 range in size from 100 to 300 mm, and in colour from clear and colourless to clear pale yellow. The zircons are rounded to subrounded in shape, and have length to width ratios between 2:1 and 1:1. CL imaging indicates variable response and magmatic zoning patterns (Figure 7) Pb age of 1360 ± 19 Ma. These various analyses indicate contribution of a polymodal xenocrystic component to sample 6. Analysis 5 is strongly inversely discordant, characterized by low U and high f 206 value and is not further discussed here. The remaining analyses plot in a broad cluster around an age of 530 Ma. The three most concordant points (6, 8 and 9) allow the calculation of a concordia age of 541 ± 10 Ma, which we here take to represent the crystallization age of magmatic zircon in the syenite of sample 6 (Figure 9 ).
Xenocrysts
[29] A total of 17 xenocrystic zircons were identified in this study, with xenocrystic components identified in all samples of the Khariar syenite (Figure 9 ). The xenocrystic zircons comprise a small set of Archean and Paleoproterozoic zircons [$3.16 Ga (2), $2.67 Ga (1), $2.52 Ga (1), $2.29 Ga (1) and 1.9-1.7 Ga (4)], two ill-defined Mesoproterozoic grains ($1.36 and $1.07 Ga) and four zircons in the age range 800-620 Ma. Sample E2, collected the closest to the edge of the pluton, did contain a coherent subpopulation of Mesoproterozoic zircon defining an age of 1465 ± 13 Ma (Figure 9 ). This is within error of the age reported by Upadhyay et al. [2006a] , also for a sample collected close to the contact.
Discussion and Conclusions
Age of Metamorphism
[30] The granite gneiss occurring in the Dharamgarh window has been deformed and metamorphosed along with the mafic granulites and quartzofeldspathic gneisses. The mafic granulites have a record of two phases of granulite metamorphism, a prograde path where garnets are formed out of hornblende, plagioclase and quartz and a retrograde path where the garnet is breaking down to orthopyroxene and plagioclase. This metamorphism is syn-to late-kinematic to the F 1 folding in the area. An upper intercept of 2467 ± 75 Ma and lower intercept of 617 ± 85 Ma in the zircon samples of the granite gneiss, although poorly constrained, suggest that the granitic protolith was formed at the age of circa 2.5 Ga and was metamorphosed later, perhaps more than once, leading to Pb-loss and a lower intercept at circa 617 Ma. The protolith age is consistent with the age reported for the K-rich granites of the craton [Sarkar et al., 1993] . However, the age of metamorphism is reported for the first time. More work is needed to fully elucidate the chronology of metamorphism in the Sinapalli rocks.
Age of Nepheline Syenite Plutons
[31] The nepheline syenite plutons show continuous outcrop from one end to the other, and all field criteria suggest that they represent a single intrusion. Our study indicates that the age of the pluton is in the range of 511-552 Ma. This new age estimate contradicts previous reported ages of circa 1.4 Ga [Aftalion et al., 1988; Upadhyay et al., 2006a] . The present study, which included an exhaustive program of field mapping and structural analysis, resulted in the classification of the pluton into three petrotectonic varieties. The zircons collected from all varieties show well developed crystal faces and carry oscillatory zoning and are thus interpreted to represent primary magmatic zircon. The dating of these zircons gives ages between 511 and 552 Ma. Secondly, the mylonitic variety shows mylonitic fabrics identical to those of the host granitic mylonites of the TBSZ and both fabrics are related to shearing. Sample E2 (transitional variety) shows two zircon population at 1.4 Ga and 0.5 Ga. The age of 1.4 Ga matches with the ages reported by Aftalion et al. [1988] and Upadhyay et al. [2006a] . Although it cannot be totally ruled out that the syenite plutons were emplaced during more than one stage of magmatism, we reinterpret the 1.4 Ga zircon ages to represent xenocrystic age components. Such an assertion is supported by the large population of garnet xenocrysts in the pluton, assimilated into the nepheline syenite especially along the margin (Figure 5a ). Unfortunately the exact location of the dated sample was not reported by Aftalion et al. [2000] , but the sample reported by Upadhyay et al. [2006a] was collected in close proximity to the host rocks outside the pluton, increasing the likelihood of inheritance. Several of the samples reported in our study show significant components of inherited zircon, underscoring the preservation of these zircons in the melt. The pluton has penetrated through a host of rocks including basement granites (2.5 -3.0 Ga), mafic granulite, quartzofeldspathic gneiss, charnockite (circa 1.5 Ga protolith age) and dykes ($1.4 Ga). These ages correspond closely to the xenocrystic populations identified in this study and to the reported ages by Aftalion et al. [2000] and Upadhyay et al. [2006a] . Further, Upadhyay et al. [2006a] expressed that the nepheline syenite was emplaced well before deformation and metamorphism, in a rift setting. If that were the case, the pluton would have undergone granulite facies metamorphism followed by retrogression as seen in the host mafic granulites/amphibolite, and dominated by the mylonitic variety. The absence of such features belies an intracratonic interpretation.
Tectonic implications
[32] The terrane margin of the EGMB and the Bhandara Craton shows a fold-thrust belt structure consisting of granulitic nappes and alkali magmatism. The thrusting has juxtaposed the EGMB rocks with the cratonic rocks of peninsular India. Crystallization ages of the nepheline syenite bodies emplaced co-tectonically along the boundary zone between the craton and the EGMB, indicate that thrusting and advancement of the nappes onto the craton took place at between 550 and 500 Ma, during the globally recognized ''Pan-African'' event, leading to the amalgamation of Gondwana. It is suggested that deep-seated thrust boundaries allowed the generation of enriched melts at dilational bends [Harris, 1994] , forming structurally bound alkaline intrusions all along the thrust contact. The thrustgeometry of the Khariar syenites leads to the suggestion that the northwestern part of the EGMB underwent thrusting Figure 10 . Gondwanaland reconstruction at circa 500 Ma showing the various cratonic blocks and exposed Meso-and Neoproterozoic units in Africa, India, Australia and Antarctica, [largely based on the digital geological map of Gondwana, IGCP-288, Unrug, 1996] and rotation parameters reported by Reeves and de Wit [2000] . The EGMB is considered to be contiguous with Rayner Complex of Antarctica since circa 1.0 Ga. However, it was attached to Indian Cratons much later at circa 500 Ma through thrusting and strike-slip shearing (marked by arrows) along the TBSZ. BB-Bangweulu Block, BC-Bhandara Craton, BkC-Bundelkhand Craton, BuH-Bunger Hills, CD-Cuddapah basin, CHChhattisgarh-Khariar basin, DC-Dharwar Craton, DM-Dronning Maud Land, GbM-Gamburtsev Massif, GwC-Gawler Craton, KvC-Kaapvaal Craton, MaC-Malagasy Craton, MwC-Marwar Craton, NC-Napier Complex, NEZ-NE Zaïre Craton, PC-Pilbara Craton, RC-Rayner Complex, SC-Singhbhum Craton, TC-Tanzania Craton, Wml-Windmill Islands, YC-Yilgarn Craton, ZC-Zimbabwe Craton.
at circa 550 Ma, possibly extending up to circa 500 Ma, at the same time as the shearing reported in the Rengali Province further north [Crowe et al., 2001] and south of Godavari rift [Dobmeier et al., 2006] . This tectonic pattern is consistent with an oblique collision of the MawsonAustralia continent with peninsular India, producing dextral escape tectonics along the Pinjarra Orogen [Fitzsimons, 2003] and coeval shearing along major dextral shear zones in the Rengali Province in the northern EGMB [Crowe et al., 2003] and thrusting in the west [Dobmeier et al., 2006; Upadhyay et al., 2006a] , something already proposed, among others by Harris [1993] , Harris and Beeson [1993] , Beeson et al. [1995] and Powell and Pisarevsky [2002] . Previous work has, however, highlighted a polyphase nature of tectonism in the EGMB and in the Rengali Province [e.g. Mezger and Cosca, 1999; Dobmeier et al., 2006] . Furthermore, these pre-Pan-African evolutions have been linked to portions of the Rayner and Mawson Blocks of Antarctica, suggesting that these terranes were juxtaposed to peninsular India during the Mesoproterozoic. The data presented in the present paper, taken to indicate that the juxtaposition of the EGMB to the Bhandara Craton took place at between 550 -500 Ma (Figure 10 ), as well as a multitude of Pan-African ages elsewhere along the Indian, Sri Lanka and Antarctic/Australian margins, beg the question as to whether these high-grade events record the final amalgamation of Gondwana from previously distinct and disjoint (exotic) blocks, and whether the prePan-African record on these blocks may be unrelated. In the light of this, pre-Gondwana paleomagnetic poles for a given cratonic block of peninsular India should only be applied for that particular block, and the paleomagnetic position should not be expanded to define the position of the entire Indian cratonic assemblage.
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